Summary Diabetic retinal neovascularisation is considered to be a consequence of retinal ischaemia caused by capillary occlusion. Capillary occlusion is the result of microvascular thrombi in which erythrocytes, platelets and leucocytes each may play a role. We investigated the role of leucocytes in this process and the subsequent angiogenic response. We studied the serum levels of the soluble leucocyte adhesion molecules soluble E-Selectin, soluble vascular cell adhesion molecule-1 (sVCAM-1) and soluble intercellular adhesion molecule-1 (sICAM-1) in the serum of 93 patients with insulin-dependent diabetes (IDDM) and varying degrees of retinopathy and 47 healthy age and sex matched control subjects. We also measured the ability of serum to stimulate retinal capillary endothelial cell migration using an assay of angiogenesis in vitro. Soluble E-Selectin and sVCAM-1 levels were raised in all patients with IDDM (p < 0.001; p < 0.001) particularly those with retinopathy (p < 0.001; p < 0.001). Soluble E-Selectin levels were highest in the patients with severe nonproliferative diabetic retinopathy (p < 0.001) and sVCAM-1 levels were highest in patients with proliferative diabetic retinopathy (p < 0.01). In contrast soluble ICAM-1 levels were the same in patients and control subjects (p > 0.05). Soluble E-Selectin levels in diabetic patients were correlated with the level of glycated haemoglobin (p < 0.05). Retinal endothelial cell migration-inducing (ECMI) activity was increased in patients with IDDM (p < 0.01) in particular in those with retinopathy (p < 0.01). Furthermore, in vitro ECMI activity could be blocked by antibodies to sVCAM-1 and sE-Selectin. These data point to a functional role for leucocyte adhesion in the microvasculopathy of diabetic retinopathy and may have implications for the induction of retinal angiogenesis. [Diabetologia (1997) 40: 1166-1171] Keywords Diabetic retinopathy, leucocyte, adhesion, angiogenesis.
source of upregulated growth factor production particularly vascular endothelial cell growth factor and fibroblast growth factors [7] , thereby inducing new vessel formation in the surrounding healthy vasculature.
Glucose-mediated damage to the endothelial cell results in loss of its non-thrombogenic and anticoagulant surface properties [8] , thereby permitting thrombus formation. Glucose may also directly affect platelet stickiness since circulating platelets are known to be hyperaggregable in diabetic patients and this may increase the risk of intravascular coagulation and capillary closure [9, 10] .
Recently, leukocyte activation and adhesion to the endothelium have been considered as a cause of capillary occulsion in diabetic retinopathy [11, 12] . Leukocytes adhere to the endothelium initially via specific cell surface adhesion molecules [selectins] [13] , followed by further adhesion via integrin-cell adhesion molecule interactions (ICAM-1 lymphocyte function associated antigen-1 LFA-1) and vascular cell adhesion molecule (VCAM)-1/very late activation antigen (VLA-4). After a variable period of time, the leukocyte penetrates the basement membrane and migrates into the surrounding tissue [14, 15] .
Evidence for activation of leukocytes and/or the endothelium can be detected by increased levels of shed "soluble" adhesion molecules in the serum [16] . Increased levels of soluble intercellular adhesion molecule-1 (sICAM-1) in the serum of patients with severe diabetic complications has been reported previously [17] , but whether this is a measure of endothelial cell activation or injury remains unclear [18] . Increased levels of soluble vascular cell adhesion molecule-1 (sVCAM-1) and/or E-Selectin in diabetic retinopathy might not only indicate endothelial cell activation but may have implications for angiogenesis since it has been shown that both of these molecules have angiogenic potency in vivo and in vitro [19, 20] .
We have previously reported that the serum of diabetic patients contains stimulatory activity for retinal endothelial cell migration [21] . In this study we have measured the levels of sICAM-1, sVCAM and E-Selectin in 93 patients with diabetic retinopathy of increasing severity and compared the results with those from 47 age-and sex-matched control healthy individuals. We have also measured serum retinal endothelial cell migration inducing activity (ECMI) levels in a subset of 56 patients.
Subjects and methods

Clinical assessment. [a]
Ophthalmological evaluation: 93 patients with insulin-dependent diabetes mellitus (IDDM) were clinically assessed by direct and indirect ophthalmoscopy. Seven-field retinal photographs of each eye were taken according to the Modified Airlie House guidelines [22] . All patients also had fluorescein angiography.
[b] General medical evaluation: Supine blood pressure was measured after 5 min rest with an automated blood pressure recording device (Takeda medical digital blood pressure meter, U. A.-751, A & D Company, Japan). The mean of three readings was recorded with hypertension being defined as a systolic blood pressure greater than 160 mm Hg and/or a diastolic blood pressure greater than 90 mm Hg [23] . Serum was obtained at the time of fluorescein angiography, and before any necessary laser treatment, for measurement of serum adhesion molecule levels and ECMI activity. Recent glycaemic control was assessed by measuring HBA 1c with high pressure liquid ion-exchange chromatography (Diamat: Bio-Rad Laboratories, Hemel Hemstead, UK; non-diabetic reference < 6 %) [24] . Urinary albumin/creatinine ratios were measured on three consecutive early morning midstream urine samples. Significant microalbuminuria was defined as the presence of a mean ratio of urinary albumin to creatinine greater than 2.5 mg mol −1 from three samples [25] .
Patient characteristics. These are presented in Table 1 . The control samples were obtained anonymously from blood donors attending the Aberdeen Blood Transfusion Service. The control subjects were closely matched for age and sex with the patients. Patients with retinopathy were similar for duration. HbA 1 c rose with increasing severity of retinopathy. Non-smokers predominated in all patient groups. Microalbuminuria was 
Values are means ± SEM NR, No retinopathy; MA, significant microalbuminuria found in all retinopathy groups. Patients were matched for systolic blood pressure, but diastolic blood pressure rose with worsening retinopathy. Patients without retinopathy had a shorter duration of diabetes, lower HbA 1 c , lower diastolic blood pressure and less microalbuminuria.
Assessment of retinal photographs. Each field was graded individually for the presence of microaneurysms and haemorrhages, hard exudates, cotton wool spots (CWS), venous abnormalities (VB), intraretinal microvascular abnormalities (IRMA) and new vessels by using the modified Airlie House technique [22] . Fluorescein angiography was performed to confirm or refute the presence of new vessels. The overall grading was determined on the basis of all 14 fields. Retinopathy was categorised as mild (microaneurysms only), moderate (microaneurysms/haemorhages < standard field 2A) or severe (microaneurysms/haemorrhages > standard field 2A; and CWS/IRMA/VB) non-proliferative retinopathy or active proliferative (no previous laser treatment) [26] .
Adhesion molecule assays. At the time of ophthalmological assessment, serum samples were obtained and stored at −20°C. Enzyme-linked immunoassay (ELISA) kits (Research & Development European Products Ltd) were used to quantify levels of sICAM-1, sVCAM-1 and sE-Selectin. For sICAM-1 and sVCAM-1 this involved a double antibody ELISA using antibodies directed against different epitopes on the sVCAM-1 and sICAM-1 molecules. Internal standards of known concentration were used to construct reference curves. For sE-Selectin the second antibody was conjugated with streptavidinhorseradish peroxidase, while for sVCAM-1 and sICAM-1 horseradish peroxidase alone was used. Otherwise the methods were identical.
Retinal endothelial-cell migration inducing (ECMI) activity.
The aim of this assay was to quantify an activity in serum previously shown to induce bovine retinal endothelial cells to migrate [21, 27] . In brief, bovine retinal capillary endothelial cells were selectively cultured from collagenase-digested microvessel fragments. Cells were grown in 2.5 % plasma-derived serum in Glasgow's Minimum Essential Medium. Cell migration was measured by determining the ability of cells to move through polycarbonate filters in a microchemotaxis chamber (Neuroprobe, Gaithersburg, Md., USA). The filters were coated with 10 mg l −1 fibronectin for 60 min at 37°C. Serum samples were diluted to obtain a protein concentration of 10 g l −1
. The serum samples were added to the lower wells of the chamber (28 ml) and 43 ml of cells at a concentration of 0.4 × 10 6 ml −1 endothelial cells was added to the upper chamber. Following 4 h incubation at 37°C the filters were fixed in 37 % alcohol for 7 min. They were then rehydrated in distilled water for 3 min. The non-migrated cells were then wiped off the upper surface of the filter and the remaining migrated cells on the lower surface of the filter were stained with Coomassie Blue. The filter was then mounted on a glass slide and the migrated cells counted with a × 25 objective and × 10 eyepiece. Ten fields of vision were counted per well and the mean (1 SD) of six wells was determined.
In order to account for day-to-day retinal endothelial cell migration variation in the test samples, test sera were run against a known standard of pooled normal human serum (NHS). The pooled NHS was obtained from 20 normal healthy volunteers and was aliquoted and stored at −20°C. The results of ECMI activity were expressed as follows:
No. of cells migrating in 10 high powered fields in response to test sera
No. of cells migrating in 10 high powered fields in response to pooled NHS Values of 1.0 = no activity greater than pooled NHS > 1.0 = increased ECMI activity < 1.0 = decreased ECMI activity Significant results were obtained at p < 0.05 (l SD).
In selected serum samples, in which the test sera had shown positive ECMI activity, specific antibodies to VCAM or E-Selectin (Research & Development European Products Ltd, Abingdon, UK) were incorporated with the serum samples to determine any blocking effect on ECMI activity (see Results).
Ethical approval was obtained from the Joint Ethical Committee of Grampian Health Board and Aberdeen University. Patients gave informed signed consent.
Statistical analyses were performed on an Apple Macintosh PC using Instat 2.01 (Graph Pad Software, San Diego, CA, USA) and Statworks 1.3 (Cricket Software Inc., Philadelphia, Pa., USA) statistical analysis packages. Results are expressed as mean ± SEM, except where indicated. Multiple column analysis was performed using Kruskal Wallis non-parametric analysis of variance to determine whether significant differences occurred between multiple columns. Where appropriate, MannWhitney rank analysis was used to identify significant differences between columns. Linear regression was used to determine the degree of association between two variables. Fisher's exact test was used for frequency analysis. Significance was taken at p less than 0.05.
Results
Adhesion molecule levels in diabetic sera. Soluble ESelectin and sVCAM-1 levels were raised in patients with diabetes compared to control subjects (p < 0.001; p < 0.001). Soluble ICAM levels were no different in patients compared with control subjects (247.3 ± 8.6 vs 244.5 ± 9.6; p > 0.05). Soluble E-Selectin and sVCAM-1 levels were also raised in patients with retinopathy (62.9 ± 2.7 p < 0.001; 679.1 ± 21.3 p < 0.001) but did not reach statistical significance in those without. Soluble E-Selectin levels were raised in moderate (p < 0.05), severe non-proliferative retinopathy (p < 0.001) and proliferative diabetic retinopathy (p < 0.05) and sVCAM-1 levels were raised in mild (p < 0.01), moderate (p < 0.05), severe nonproliferative diabetic retinopathy (p < 0.01) and proliferative retinopathy (p < 0.01) ( Table 2) .
Serum levels of sE-Selectin also appeared to be related to HBA 1 c levels (p < 0.05) (Fig. 1 ). There were no associations with any of the other serum adhesion molecules for HBA 1 c , age, duration of diabetes, smoking habit or presence of significant microalbuminuria.
Retinal endothelial cell migration-inducing (ECMI)
activity. The first consecutive 56 samples from the patients were tested against a reference standard of pooled NHS for ECMI activity. A value of 1.0 equalled no increase in ECMI activity, a value of less than 1.0 indicated inhibition of ECMI activity and a value of more than 1.0 indicated increased ECMI activity. Sera from ten normal healthy individuals were also tested against the reference pooled sera and shown to fall within the "normal" range (p > 0.05) ( Table  3 ). The results showed that sera from patients with IDDM contained significant levels of migration-inducing (ECMI) activity for retinal endothelial cells in vitro (p < 0.05) as previously reported (Table 3 ) [21] . Furthermore patients with retinopathy were more likely to have higher levels of ECMI activity than non-retinopathy patients (1.31 ± 0.04 vs 1.16 ± 0.05), although this result did not reach statistical significance. (The highest ECMI levels were found in patients with severe non-proliferative diabetic retinopathy (p < 0.01) ( Table 3 ).)
Studies on the nature of ECMI activity. In order to determine further the nature of ECMI activity and any possible relationship with raised levels of adhesion molecules in the sera, we conducted blocking studies using monoclonal antibodies.
Serum samples from two patients with active proliferative diabetic retinopathy containing high levels of ECMI activity were incubated with varying concentrations of specific monoclonal antibodies to VCAM and/or E-Selectin and compared for activity in the migration assay with isotype control irrelevant antibody. The results show that antibodies to both ESelectin and VCAM-1 inhibited diabetic serum stimulated retinal endothelial cell migration in a dose-dependent manner (Fig. 2) . These experiments were repeated at least three times for each sample and were consistently inhibitory on each occasion. sVCAM-1 appeared to be more effective than sE-Selectin and reduced migration to background levels in the absence of serum.
Discussion
In this study we have shown that (a) patients with IDDM have raised levels of sVCAM-1 and E-Selectin in their serum which correlate with the severity of their retinopathy; (b) the raised levels of E-Selectin but not sVCAM, correlate moderately with the HBA 1 c ; (c) patients with increasingly severe retinopathy have increased levels of ECMI activity in their serum; and (d) ECMI activity can be inhibited by antibodies to sVCAM-1 and E-Selectin.
These results confirm previous studies of diabetic patients which showed that elevated serum sE-Selectin levels occur in NIDDM patients [28] and sVCAM levels in microalbuminuric patients [29] . However, the present study demonstrates a link between severity of retinopathy and elevated adhesion molecule levels, a link which is subtly different for sE-Selectin and sVCAM in that the effect is most marked with preproliferative retinopathy for sE-Selectin and with proliferative disease for sVCAM. However, there has been controversy as to whether there is any correlation with glucose control and this may reflect differences in the populations studied [28, 30] . The fact that Steiner's patients [28] were also hypertensive may Table 3 . Retinal endothelial cell migration inducing activity (ECMI) levels and diabetic retinopathy Control subjects (10) All (56) Patient categories NR (6) Mild (15) Moderate (10) Severe (12) Proliferative (13) ECMI ( have obscured any association with metabolic control [31] . Our study would seem to confirm Cominacini's work [30] and suggest that there is a moderate correlation between sE-Selectin and metabolic control.
In contrast to the results with sE-Selectin and sVCAM, we were unable to confirm an elevation of sICAM-1 levels previously reported by Lampeter et al. [32] . However, we believe these differences with regard to sICAM levels are due to the different populations studied, in that Lampeter's patients (and their relatives) had recent-onset diabetes, and also possibly to the size of the groups studied [32] . In a further study, sICAM levels were also found not to be different from control subjects in NIDDM patients [28] .
Raised levels of sE-Selectin have been demonstrated in diabetic patients independent of hypertension, nephropathy or type of diabetes, and it has been suggested that raised levels may be of prognostic importance in the development of complications [17] . Since in this study, all patients with retinopathy and in particular those with severe non-proliferative retinopathy had raised levels of sE-Selectin, in addition to having raised sVCAM-1 levels especially in association with proliferative retinopathy, the possibility arises of soluble circulating adhesion molecules not only reflecting increasing endothelial cell damage or activation, but also having a pathogenetic role in the induction of angiogenesis.
Raised levels of soluble adhesion molecules in the serum are believed to result from increased endothelial cell expression and shedding following activation [17, 18] . E-Selectin is expressed only by activated endothelial cells, whereas VCAM-1 and ICAM-1 are also expressed on other cells such as epithelium, macrophages, subsets of CD4 lymphocytes and dendritic cells [33] . E-Selectin expression is transient with peak expression at 4 h and shedding within 24 h [34] . VCAM-1 and ICAM-1 peak at 6 to 10 and 12 to 24 h after being expressed [34, 35] . Elevated levels of sE-Selectin not only occur after activation of the endothelium but may also reflect recent endothelial cell damage [18] . Recent studies indicate that both glucose [11, 36, 37] , and advanced glycation end-products may damage endothelium and cause shedding of adhesion molecules [38, 39] .
Increased expression of adhesion molecules by endothelial cells is likely to increase the adhesion of leukocytes, polymorphonuclear leukocytes in the case of sE-Selectin and activated memory T cells and monocytes in the case of sVCAM [40] . A role for leukocytes in the pathogenesis of proliferative diabetic retinopathy has been suggested [11, 12] . Under this scheme, adhesion occurs between mutually "activated" leukocytes and endothelium particularly in the small vessels and causes capillary obstruction and occlusion. Monocytes and lymphocytes impeded in their forward movement would be primed to undergo local proliferation within the tissues and release growth factors including angiogenic factors [41] . These would include many of the "recognised" retinal angiogenic factors such as the fibroblast growth factors and vascular endothelial cell growth factor, in addition to many leukocyte-associated cytokines such as tumour necrosis factor-alpha and interleukin-8. In addition, the local shedding of sE-Selectin and sVCAM-1 which also have angiogenic properties [19] , would assist in the initiation of the angiogenic response. A similar scheme has been suggested for angiogenesis in the rheumatoid joint [19, 20] in which the "angiogenic" activity was reduced by antibodies to sVCAM-1 and E-Selectin. Thus, a systemically induced effect could initiate a local tissue reaction. However, whether shed adhesion molecules in diabetic retinopathy are directly angiogenic or merely promote endothelial cell growth and migration by some other mechanism (for instance by altering the cells adhesion to the extracellular matrix) remains to be determined. 
